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In the little higgs scenario, several coupling constants are related to each other to 
guarantee the stability of the higgs boson mass at one-loop level. This relation is called 
the little higgs mechanism. We discuss how accurately the relation can be tested at 
future e^e~ colliders, with especially focusing on the top sector of the scenario using 
a method of effective lagrangian. In order to test the mechanism, it is important 
to measure the Yukawa coupling of the top partner. Higgs associated and threshold 
productions of the top partner are found to be the best processes for this purpose. 



r-| ■ 1 Introduction 



The standard model (SM) is well known to have the little hicrarehy problem [T], which is 
\ essentially from quadratieally divergent correetions to the higgs mass term. The little higgs 

. scenario [2] has been proposed to solve the problem, where the higgs boson is regarded as a 

pseudo Nambu-Goldstone boson associated with the breaking of a global symmetry at the 
0(10) TeV scale. Explicit breaking terms of the symmetry are specially arranged to cancel 
the corrections at one-loop level. The mechanism of this cancellation is called the little higgs 
mechanism, which is commonly equipped in all models of the scenario. 

The little higgs mechanism predicts the existence of new particles called little higgs part- 
ners at the 0(1) TeV scale. The mechanism also predicts some relations between coupling 
constants of SM interactions and those of the new particles. Among the partners, the top 
partner is the most important one, because it is responsible for the cancelation of the largest 
quadratieally divergent correction. Though the top partner has a color charge and could be 
produced at the LHC, its discovery does not mean the confirmation of the little higgs sce- 
nario. This is because new particles which are similar to the top partner are also predicted 
in various new physics models. In order to test the little higgs scenario, we have to verify 
the relation between interactions predicted by the little higgs mechanism. 

This verification requires us to measure the Yukawa coupling of the top partner. Future 
linear colliders such as the international linear collider (ILC) [3] and the compact linear 
collider (CLIC) [4] give a good opportunity for coupling measurements. Following four 
processes are considered in this report; higgs associated productions, e+e^ — > TTh, tTh -f 
Tih, and threshold productions, e^e~ — >■ TT, Tt -\- tT, where t, T, and h are top quark, 
top partner, and higgs boson, respectively. We found that the coupling can be measured 
precisely using the associate production, e+e~ — ^ TTh, when the center of mass energy is 
large enough. The threshold production, e~^e~ — ^ TT, also allows us to measure it with 
the same precision. Interestingly, with smaller center of mass energy, it is even possible to 
measure the coupling using the threshold production, e'^e^ tT + Tt. 

In the following, after introducing the effective lagrangian to describe the top sector, 
higgs associated and threshold productions of the top partner are discussed with focusing 
on how these cross sections are sensitive to the Yukawa coupling of the top partner. Since 
this report is based on Ref. [5], please see the reference for more details. 
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Figure 1: Yukawa couplings, yt, yr, yL, ya, as a function of A' (in unit of Aj-r). 



2 Top sector of the little higgs scenario 

Vector-like quark called the top partner is necessarily introduced in the little higgs scenario, 
and its interactions with higgs and top quark are described by the effective lagrangian, 

£eff = -muULUR - yaQsLH^usR - vuQzlH''Ur 

-{X/mu)ULU:iR\H\'' - {>! /mu)ULUR\H\'' + /i.e., (1) 

where Qzl = ("sl, ^3l)"^ and uzr arc third generation left- and right-handed quarks of the 
SM, while Ul and Ur are left- and right-handed top partners whose quantum numbers are 
the same as u^r. Higgs boson is denoted by H'^ with 'c' meaning charge conjugation. Since 
quadratically divergent corrections to the higgs mass term should be cancelled at 1-loop 
level, the following relation between the coupling constants, y^, yjj, and A', is required, 
—2 A' = y^ + yf/, which is nothing but the little higgs mechanism at the top sector. 

Once the electroweak symmetry is broken, third generation quarks are mixed with top 
partners. In following discussions, we use the notations; mt (jtit) is the mass of the top 
quark t (top partner T) and sin^L (sui6r) is the mixing angle between their left-handed 
(right-handed) components. Though the model parameters, mu, y^, yu, A, A', are originally 
used in the effective lagrangian, we use following five parameters, mt, niT, sin^^. A, A', as 
fundamental ones. Other parameters, mu, 2/3, yu, tan^jf. arc therefore given as functions 
of the fundamental parameters. Yukawa interactions of t and T are given by 

-Cyukawa = -yttth - yrTTh - {f[yLPL + yRPnlth + h.c), (2) 

where h is the higgs field. There are also gauge interactions of t and T (see Rcf. [S] for 
their concrete expressions). Yukawa couplings are approximately given by yt ~ rritlv, yx — 
rriT sin" Oj^/v + X'v cosOj^/mT, yL — ™t sin^^/u, and yR ~ rrtt svhOl/v + Xv/rriT. 

The little higgs mechanism is described by the relation between ^3, yjj, and A'. First two 
parameters j/3 and yu arc almost determined by mt, mx, and sin^^. which can be measured 
precisely when T is discovered. On the other hand, we have to measure yr to determine the 
last parameter A'. Wc therefore fix these parameters using the representative point, 

TOT = 400GeV, sin6lL = 0.2, Br(r ^ t/i)/Br(r ^ W) = 0.98, (3) 

where the ratio of branching fractions corresponds to the one obtained by assuming A = 
with keeping the relation of the little higgs mechanism. Higgs mass is fixed to be mh = 120 



LCWSll 



2 



100 
10 

1 



0.2 


-0.2 









t T h + T t h production 








A,' 


= 3A'c, 




X 


= 2A,'t 




— 


= A'c, 






= OjJcr 




— a: 









10 



700 



800 900 1000 1100 1200 
Center of mass energy (GeV) 



T T h production 



X = 0X„ 



■ X = X„ 

■ X = iXa 

- X = 3Vo, 



1000 1200 1400 

Center of mass energy (GeV) 



1600 



Figure 2: Cross sections for iiiggs associated productions e^e — >■ tTh + Tth and e^e — > TTh. 



GcV. The point satisfies all phenomenological constraints and is also attractive from the 
viewpoint of naturalness on the little hierarchy problem. Since mt has already been measured 
precisely, there are four free parameters in the effective lagrangian. It is therefore possible to 
test the little higgs mechanism by measuring one more observable, which should be sensitive 
to A'. As can be seen in Fig. [TJ in which Yukawa couplings are shown as functions of A' in 
unit of A'^^ = — (y| + 2/^)/2 with other model parameters being fixed to be those satisfying 
the conditions of the representative point, i/t is the most sensitive against the change of A' 
as expected. We thus focus on physical quantities involving this Yukawa coupling. 

3 Associate Productions 

Top partner productions associated with a higgs boson enable us to determine yr by mea- 
suring their cross sections with an appropriate center of mass energy. Two higgs associated 
processes exist. One is e+e^ tTh + Tth, and another is e+e~ TTh. The sum of the 
cross sections, ^(e+e" — !> tTh) + a{e~^e~ Tth), are shown in Figl2] (upper part of the 
left panel) as a function of center of mass energy with several choices of A'. Other model 
parameters are fixed according to the conditions in cq.Q. In order to see the sensitivity of 
the cross section against the change of A', we also plot the deviation of the cross section from 
the one predicted by the little higgs mechanism, Sa/a = [(t(A') — a{\'^^)]/a{X'„) (lower part 
of the left panel). The deviation becomes almost zero when the center of mass energy ex- 
ceeds 800 GeV, because the production of two on-shell top partners dominates the associate 
production, whose production cross section and branching ratio of T ^ th are independent 
of A'. When the center of mass energy is below 800 GeV, the cross section is as small as 0.1 
fb and the determination of A' seems to be difficult in this associate production. 

On the other hand, another associate production, e+e~ — > TTh, is interesting, whose 
cross section and its deviation from the little higgs prediction are shown in Figl2] (right 
panel). The cross section depends strongly on the value of A', which enable us to explore 
the little higgs mechanism accurately using this association process, though the production 
cross section itself is not so large and the center of mass energy must be large enough. 
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Figure 3: Cross sections for threshold productions e'^e — )• TT and e^e tT + Tt. 



4 Threshold productions 

We next consider top partner productions, e+e^ — > TT and e+e^ tT + Tt, at their 
threshold energies. Since the cross sections of these processes are significantly affected by 
the exchange of virtual higgs bosons due to the threshold singularity [6] , the Yukawa coupling 
l/T is expected to be determined precisely. The production cross section of the top partner 
pair at threshold energy is shown in the left panel of Fig. |3] with several choices of A'. The 
deviation of the cross section from the prediction of the little higgs mechanism is also shown 
in this figure as in the case of higgs associated productions. It can be seen that the deviation 
becomes maximum at the peak of the cross section, which corresponds to the first bound 
state composed of top partners. Since the cross section is huge at the peak, which is about 
250 fb~^, the Yukawa coupling j/t is expected to be determined precisely. It should be 
noticed that the cross section does not depend on the sign of yx, so that there is two-fold 
ambiguity in the determination of j/t, as can be seen in the figure. This ambiguity is resolved 
by investigating other production channels such as higgs associated productions. 

Production cross section of a top quark and a top partner at threshold energy as well 
as its deviation from the little higgs prediction are plotted in the right panel of Fig. [3] The 
deviation is again maximized at the peak corresponding to the first bound state. Though 
the cross section is lower than that of the top partner pair production, it is still possible to 
determine A' precisely if the integrated luminosity is large enough. One advantage is that 
the determination of A' is possible even if the center of mass energy is not so large. 

5 Testing the httle higgs mechanism 

We now consider the capability of future linear colliders to test the little higgs mechanism. 
Testing the mechanism is equivalent to the determination of A', so that we discuss how accu- 
rately A' can be determined at collider experiments using the processes discussed in previous 
sections. We focus on the processes e+e^ — TTh, e+e~ — > TT, and e+e^ tT + Tt, be- 
cause these processes are very sensitive to A'. The center of mass energy are set to be 
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Figure 4: The distributions for e+e 



TTh, TT, and tT + Tt processes. 



1000 GeV, 794 GeV and 568.4 GeV for TTh, TT and tT + Tt productions, respectively, 
in order to maximize the capability. On the other hand, the integrated luminosity is fixed 
to be £eff' = 500 fb~^ in each process, where £eff is the effective luminosity defined by 
yCeff = f X £ with E and C being the efficiency factor and the original integrated luminosity. 
The factor depends on the acceptance of collider detectors and kinematical cuts used to re- 
duce backgrounds from SM processes, which is determined precisely when experiments start. 
Main background against the signal is from the SM process of top quark production. Since 
the cross section of the SM process is not too large compared to those of signal processes, 
background reductions are expected to be performed efficiently by imposing appropriate 
kinematical cuts. The efficiency factor from background reductions can be estimated us- 
ing Monte-Carlo simulations. In our calculation, however, we take the efficiency factor so 
that the effective luminosity becomes 500 fb~^ with simply assuming efficient background 
reductions. We remain the detailed calculation of the factor as a future problem. 

With the use of the effective luminosity £cff, the function, which quantifies how 
accurately the determination of A' can be performed at collider experiments, is defined by 



where N{X') = Ccff<T{X') is the number of the signal event with fixed A', which will be 
obtained at collider experiments after imposing kinematical cuts and considering detector 
acceptances. The resultant distributions for the higgs associated production, e+e~ — > 
TTh, and threshold productions, e^e^ TT and e*e^ — >■ tT+Tt, are shown in Fig.|4l where 
the center of mass energy is fixed to be 1000 GeV, 794 GeV and 568.4 GeV, respectively. 
It can be seen that the coupling constant A' can be measured with 8% accuracy using the 
higgs associated production. If the center of mass energy is possible to be increased to 1350 
GeV, the coupling A' can be measured with 4% accuracy using the same process. 

On the other hand, it can be seen that the coupling constant A' can be determined with 
4% accuracy using the threshold production of top partner pair production. In this case, 
the center of mass energy required for the determination is smaller than that of the higgs 
associated production. Furthermore, using the threshold production of a top quark and a 
top partner, the coupling constant A' can be measured with 20% accuracy even if the center 
of mass energy is smaller than other processes , which is around 500 GeV. 
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6 Summary 



We have studied the capability of future collider experiments to test the little higgs mech- 
anism. The mechanism predicts a certain relation between coupling constants in the top 
sector of the little higgs scenario. The test of the mechanism is essentially equivalent to 
the measurement of the Yukawa coupling of the top partner, namely the coupling constant 
A'. It is therefore very important to investigate how accurately A' can be measured at 
the experiments. With the use of an appropriate representative point, we found that the 
coupling constant can be measured with a few percent accuracy using the higgs associated 
production, e+e^ TTh, and the threshold production, e+e^ TT, when the center of 
mass energy is 0(1) TeV. On the other hand, using the threshold production, Tt + tT, the 
measurement of A' is still possible with a few ten percent accuracy even if the center of mass 
energy is around 500 GeV. When the top partner is discovered at the LHC experiment, the 
processes emphasized in this report will be important to confirm whether the top partner is 
really the one predicted by the little higgs scenario or not. 

7 Acknowledgments 

This work is supported by Grant-in- Aid for Scientific research from the Ministry of Educa- 
tion, Science, Sports, and Cuhure (MEXT), Japan, (Nos. 22244021 & 23740169) and World 
Premier International Research Center Initiative (WPI Initiative), MEXT, Japan. 

References 

[1] For recent analysis, see R. Barbieri, A. Pomarol, R. Rattazzi, A. Strumia, Nucl. Phys. B703, 127-146 
(2004); Z. Han, W. Skiba, Phys. Rev. D71, 075009 (2005). 

[2] N. Arkani-Hamed, A. G. Cohen, H. Georgi, Phys. Lett. B513, 232-240 (2001); and, for a review, see 
M. Perelstein, Prog. Part. Nucl. Phys. 58, 247 (2007). 

[3] http : //www . llnearcollider . org/. 

[4] http: //clic-study .web . cern. ch/clic-study/. 

[5] K. Harigaya, S. Matsumoto, M. M. Nojiri and K. Tobioka, JHEP 1201, 135 (2012). 

[6] M. J. Strassler, M. E. Peskin, Phys. Rev. D43, 1500-1514 (1991). 



LCWSll 



6 



